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Abstract 
Supercritical propane (SC-propane) was found to be an appropriate solvent to graft 3-aminopropyl triethoxysilane 
(APS) onto our own synthesized SBA-15 for CO2 capture. SC-propane grafting provides several advantages, 
including non-toxicity, low cost, less reaction time, and usability under wide ranges of pressure and temperature over 
toluene. Besides, SC-propane can be completely removed when pressure is released after grafting. In this study, the 
grafting in propane was carried out at the selected pressure and temperature. The grafting in SC-propane exhibited an 
improvement for amount of the grafted APS and CO2 adsorption capacity over those using the conventional toluene 
refluxing method. 
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1. Intoduction  
The huge emission amount of greenhouse gases resulting in global warming has been one of the 
crucial energy and environmental problems in the world. Among those greenhouse gases, CO2 contributes 
more than 60% to global warming. About 40% of the current CO2 emission is emitted from power plants 
[1]. It is therefore essential to develop effective and economical CO2 capture technologies to deal with the 
flue gases from power plants and to cope with the global demand of CO2 reduction. 
Several research groups have studied on the production of aminosilane-grafted mesoporous silicas for 
CO2 capture. The aminosilanes, including APS, N-(2-aminoethyl)-3-aminopropyltrimethxysilane 
(AEAPS) and (3-trimethoxysilylpropyl)diethylenetriamine (TA), were grafted on mesoporous silica, such 
as SBA-15 [2-4], MCM-41 [5,6], and pore-expanded MCM-41 [6]. Chang et al. [2] grafted APS onto 
SBA-15 to achieve the CO2 adsorption capacity of 17.6 mg/g. Our group [3] previously loaded APS, 
 
* Corresponding author. Tel.: +886-3-572-1189 ; fax: +886-3-572-1684 . 
E-mail address: cstan@mx.nthu.edu.tw . 
Available online at www.sciencedirect.com
 2013 The Authors. Published by Elsevier Ltd.
election and/or pe r-review under responsibility of GH T
176   Worasaung Klinthong et al. /  Energy Procedia  37 ( 2013 )  175 – 179 
AEAPS and TA onto MCM-41, SBA-15 and pore expanded-SBA-15. By comparing mesoporous silicas, 
the suitable support was SBA-15 due to its proper pore diameter and pore surface area.  
In order to graft more amines onto intrachannel of mesoporous silica, amines need to diffuse into pore 
first and then react with silanol on the surface of mesoporous silica through silylation. Anhydrous organic 
solvents have generally been used to graft amine in preparation. However, organic solvents have some 
drawbacks including high viscosity and surface tension, low diffusivity, and high toxicity. The 
replacement of organic solvents by supercritical fluid (SCF) has been widespread explored recently and 
has been identified as an alternative, mainly due to high diffusivity and virtually negligible surface 
tension possessed by a SCF. Moreover, SCF gas-like viscosity allows it rapid penetration into cavities of 
mesoporous materials. SC-propane (Pc = 4.2 MPa, Tc = 96.7 oC), although flammable, has been proven to 
be a useful solvent for amine reaction with no side reactions.  
Though many reports in which organic solvents were used for grafting aminosilanes onto mesoporous 
silica are available, to the best of our knowledge, the utilization of SC-propane as the solvent for grafting 
has not been proposed yet. The purpose of this research was to use SC-propane as the solvent for grafting 
APS onto intrachannel structure of the mesoporous silica SBA-15 to improve the APS loading and CO2 
adsorption capacity. SC-propane was expected to enhance diffusion rate of APS in intrachannel structure 
to result in high loading of APS.  
2. Experimental 
2.1. Sample Preparation 
The hexagonal mesoporous silica SBA-15 was synthesized by the hydrothermal technique [3]. The 
preparation was done in acidic reaction mixture with the molar composition of 1.0 SiO2: 0.017 P123: 5.7 
HCl: 192 H2O using the nonionic block copolymer template of Pluronic P123 (molecular weight of 5800, 
Aldrich), and the silica source of TEOS (tetraethoxy orthosilicate, Acros). The reactant mixture was 
stirred at 40 oC for 20 h and then was placed in a water bath at 80 oC for 24 h. The solid product was 
washed with de-ionized water, dried and then calcined at 540 oC for 8 h under an air flow to produce the 
calcined SBA-15 (cal-SBA-15). 
Cal-SBA-15 was modified through silylation between APS and silanol group. Cal-SBA-15 sample was 
dehydrated under vacuum at 150 oC for 12 h before grafting. For toluene refluxing, 1.0 g cal-SBA-15 was 
dispersed in mixture of 10 ml APS and 50 ml toluene and then refluxed at 85 oC for 16 h. For SC-propane 
grafting, 0.44 g cal-SBA-15 was filled into 25 ml reactor (Fig. 1) followed by dropping 4.4 ml APS into 
reactor. The high pressure propane was fed to reactor until arriving designed pressure as 11.0 MPa. The 
temperature was raised to operation temperature 100 oC with the grafting reaction time for 16 h. The 
suspended solid product was filtered, washed by anhydrous ethanol, and then dried overnight in air to 
give APS-SBA-15(R) and APS-SBA-15(P) for toluene refluxing and SC-propane grafting, respectively. 
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Fig. 1. SC-propane grafting apparatus. 
1: Propane tank; 2: Coil; 3: Syringe pump; 
4: Valves; 5: Reactor; 6: Pressure gauge; 
7: Thermocouple; 8: Heating tape; 9: Ice bath; 
10: Oven. 
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2.2. Sample characterization 
The structures of the cal-SBA-15 before and after the grafting with APS were identified by a small 
angle X-ray diffraction recorded on MAC science MXP18AHF XRD machine with a CuK  radiation 
source ( = 1.542 Å) and a two-cycle powder diffractometer. The nitrogen physical adsorption/desorption 
isotherms of the cal-SBA-15 before and after grafting with APS were measured at 196 oC using a 
Micromeritics ASAP 2010 analyzer. The samples were initially dehydrated under vacuum at 150 oC 
overnight. Elemental analysis (EA) of the APS-grafted samples was carried out with the Heraeus Vario 
EL III-CHNS instrument. 
2.3. CO2 adsorption test 
CO2 adsorption was measured in a TGA/DSC (SDT Q600). Helium with a purity of 99.99% as the 
purge gas and a premixed gas containing 15 vol% CO2 and 85 vol% N2 were purchased from Boclh 
Industrial Gases Co (Taiwan). A sample of approximately 10 mg was loaded into the TGA first and was 
then heated in a helium flow of 100 ml/min to remove pre-adsorbed moisture and CO2. After heating the 
sample was cooled to 35 oC and exposed to the premixed gas for a period of 7 h, which was found to be 
sufficient to reach equilibrium. The CO2 adsorption capacity was calculated from the mass gain after 
exposure of the sample to the premixed gas. 
3. Result and Discussion 
3.1. Characterization 
The PXRD patterns of the cal-SBA-15 before and after APS attachment are shown in Fig. 2(a). There 
are three observation peaks, (1 0 0), (1 1 0) and (2 0 0) in the pattern of cal-SBA-15, indicating a good 
quality of the ordered hexagonal structure. The positions of diffraction peaks remained unchanged after 
the APS was reacted with the silanol groups on the intrachannel structure of cal-SBA-15 to form APS-
grafted SBA-15, indicating an unchanged mesochannel structure. Besides, the intensities of the diffraction 
peaks were found to reduce after APS grafting, most likely due to the reduced contrast in electron density 
of the APS-grafted SBA-15. 
The nitrogen sorption isotherms of cal-SBA-15 and APS-grafted SBA-15 are illustrated in Fig. 2(b). It 
was known that the location of inflection point in isotherm was related to pore scale and the sharpness of 
curves revealed the uniformity of pore size distribution [7]. All the samples in Fig. 2(b) exhibit the type 
IV isotherm with H1 hysteresis loops according to the IUPAC classification. The cal-SBA-15 exhibited a 
sharp steepness of the H1 hysteresis loop in a range of relative pressure from 0.6 to 0.75, indicating that 
cal-SBA-15 possessed large pore size and narrow pore size distribution. The shift of inflection points to 
low relative pressures and the decrease in sharp steepness after the grafting of APS indicated a decrease in 
pore size and a broader pore size distribution. 
The amount of APS grafting on cal-SBA-15 was estimated by EA. One mole APS theoretically 
corresponded to one mole nitrogen. The use of SC-propane grafting exhibited an improvement of N 
content over toluene refluxing, mainly due to lower viscosity and faster diffusion of APS into pore under 
SC-propane than toluene. To demonstrate the advantages using SC-propane grafting over toluene 
refluxing, the diffusivities of APS in toluene and SC-propane were estimated by Wilke-Chang equation [8] 
and the modified Wilke-Chang equation [9], respectively. The diffusivity of APS in SC-propane 
(7.05 10-4 cm2/s) was about one order of magnitude higher than that in toluene (0.35 10-4 cm2/s). The 
viscosity of SC-propane (0.59 mP) was one order of magnitude lower than that of toluene (2.6 mP). 
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Because SC-propane possessed these superior transport properties, more APS could then be transported 
into pores within a fixed period of time. As a result, more APS could be grafted onto the mesoporous 
silica SBA-15. 
3.2. CO2 adsorption 
Theoretically, the basic amine reacts with CO2 through a formation of CO2-amine zwitterions to 
produce carbamic acid (RNH2+COO-) and carbamate (RNHCOO-NH3+) in anhydrous condition [3]. All 
the prepared samples were contacted with an anhydrous gas mixture containing 15% of CO2 in N2 at 35 
oC to evaluate CO2 adsorption capacity. The comparison of CO2 adsorption of cal-SBA-15 before and 
after APS grafting is presented in Fig. 3. The cal-SBA-15 exhibited a significantly low CO2 adsorption 
capacity which could only be regarded as physisorption [10]. It could be noted that the CO2 adsorption 
capacity of APS-SBA-15(R) was increased about 4.9 times over that of cal-SBA-15. This large 
improvement of CO2 adsorption capacity for APS grafting by toluene refluxing was mainly due to 
chemical modification of amine active sites onto cal-SBA-15. It was also found that the CO2 adsorption 
capacity of APS-SBA-15(P) was largely improved around 7.6 times over that of cal-SBA-15, indicating 
the superiority of using SC-propane over toluene. 
 
0.5 1.0 1.5 2.0 2.5 3.0
cal-SBA-15110 200
 
 
100
APS-SBA-15(P)
APS-SBA-15(R)In
te
rn
sit
y
2 Theta (degree)
(a)
0.0 0.2 0.4 0.6 0.8 1.0
cal-SBA-15
APS-SBA-15(R)
APS-SBA-15(P)
 
 
V
ol
um
e 
ad
so
rb
ed
 (c
m
3 /g
)
P/P
0
(b)
 
Fig. 2. (a) XRD diffraction patterns and (b) Nitrogen sorption isotherms of cal-SBA-15 before and after APS grafting. 
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Fig. 3. Comparison of CO2 adsorption capacity of cal-SBA-15 before and after APS grafting. 
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4. Conclusions 
SC-propane has been proved to be an alternative solvent for grafting of APS onto surface of the cal-
SBA-15. The SC-propane grafting exhibited an improvement of CO2 adsorption capacity around 57% 
over the conventional toluene refluxing method. The improvement of CO2 adsorption capacity in SC-
propane was attributed to an increase of diffusivity and a decrease of viscosity of APS in SC-propane that 
were beneficial for APS grafting.  
Propane possesses several advantages such as low cost, low toxicity, less reaction time, and usability 
under a wide range of pressures and temperatures over toluene. Besides, propane can be completely 
removed from solid support after pressure releasing. It is therefore suggested to use SC-propane to graft 
amines onto mesoporous supports for the CO2 capture purpose. 
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